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H I G H L I G H T S
• An integrated compaction-combined
carbonisation-activation method pro-
posed for bio-carbons from agro-
waste..
• Hierarchically ultra-micro/meso-
porous bio-carbons were successfully
synthesized.
• The bio-carbons exhibit high CO2 up-
takes and record-high IS CO2/N2 se-
lectivity.
• The presence of mesoporosity greatly
increased the CO2 adsorption kinetics.
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A B S T R A C T
Activated carbons represent one of the important categories of the adsorbent materials for CO2 capture currently
under development. However, the low adsorption capacity and selectivity at low CO2 partial pressure and/or
relatively high ﬂue gas temperatures is the main barrier for carbons to be applied in post-combustion CO2
capture under practical conditions. Here, we report the successful preparation of hierarchical ultra-micro/me-
soporous bio-carbons from using a facile one-step method with a low-grade biomass waste as the feedstock. The
bio-carbons exhibit high adsorption capacities (1.90mmol/g) and record-high Henry’s law CO2/N2 selectivities
up to 212 at ambient temperature and low CO2 partial pressure. Unlike conventional chemical activation process
for manufacturing carbon materials, the integrated compaction-carbonization-activation method proposed en-
dows the biowaste-derived carbons with unique hierarchical bio-modal pore structures, which are highly
characterised by their high mesoporosity and high ultra-microporosity with narrow pore size distributions. The
results demonstrated that the unique surface textural properties along with the enhanced surface chemistry due
to the simultaneously achieved potassium intercalation created favourable conditions for CO2 adsorption with
high CO2/N2 selectivity at low CO2 partial pressures, whilst the presence of mesoporosity greatly increased the
CO2 adsorption kinetics. Measurements of CO2 adsorption heat conﬁrmed the strong surface aﬃnity of the
prepared bio-carbons to CO2 molecules.
1. Introduction
Cutting greenhouse carbon emissions particularly those from large
stationary sources has widely been recognised as being one of the es-
sential measures to combat global climate change, whilst carbon cap-
ture and storage (CCS) has increasingly become the only technology
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option that is able to achieve the climate change target without com-
promising the energy security due to the continual dominance of fossil
energy in any foreseeable futures [1–4]. However, the high cost of CO2
capture with existing technologies, which represents the most costly
element of the whole CCS chain, has proven to be the major barrier for
the deployment of CCS. Chemical absorption using aqueous amine as
the solvent is the state-of-the-art technology for CO2 capture [5,6].
However, this technology at its various forms suﬀers not only from its
high energy penalty but also high operational costs due to a range of
operational issues, such as the corrosion, thermo-oxidative degradation
and toxic emissions of the amine solvents used [5,7]. Therefore, de-
veloping next generation carbon capture technologies has received
tremendous attention over recent years. Among many technologies
currently under development, adsorption using solid adsorbents is an
attractive, alternative technology to the liquid-phase absorption for CO2
capture. Numerous solid adsorbents have been investigated, including
carbon materials, metal organic frameworks (MOFs), zeolites, zeolitic
imidazolate frameworks (ZIFs), grafted and impregnated polyamine
adsorbents [8–11]. Of these candidate adsorbent materials aforemen-
tioned, activated carbon is gaining increasing attention, thanks to their
low-cost, fast adsorption kinetics, lower regeneration temperature and
especially their novel thermal and chemical stability in hostile ﬂue gas
conditions [12,13]. A wide range of easily available precursor mate-
rials, such as biomass, coal, polymers can be used to prepare carbon
materials, with biomass having become an increasingly preferred
feedstock [14–16].
Many investigations have been conducted to use biomass feedstock
to prepare carbon-based adsorbents for CO2 capture [17–25]. However,
due to the weak surface aﬃnity to CO2 molecules, the carbon materials
developed so far usually have low CO2 adsorption capacities at the low
CO2 partial pressures in typical combustion ﬂue gas streams (e.g. ty-
pically 15 kPa for coal and 5 kPa for gas-ﬁred power plants), despite
their very high surface areas and pore volumes. For instance, the ad-
sorption capacity of commercial activated carbons from woody and
coconut shell were generally lower than 1mmol/g at 15 kPa CO2 and
25 °C [26,27]. Therefore, increasing the surface aﬃnities of bio-carbons
for CO2 as a means to boost their adsorption capacities at low CO2
partial pressures has become the focus of many investigations [17–23].
In general, approaches that have been extensively studied to improve
the performance of carbon materials for CO2 adsorption varies from the
control of porosity towards the formation of ultra-micropore domain
structures [28–30] to the modiﬁcation of surface chemistries by in-
corporating functional heteroatom functionalities into the carbon fra-
mework (e.g. nitrogen-containing groups [31,32] and intercalation of
alkali metals etc. [33]). It has been demonstrated that carbon materials
with high microporosities especially ultra-microporosities with pore
diameters smaller than 0.8 nm usually have high capacities for CO2
adsorption. [27–29] Speciﬁcally for bio-carbon materials prepared via
controlled chemical activation, those fabricated from using jujun grass
[16], coconut shell [18], bamboo [19] and oil palm trees [20] usually
have higher CO2 uptakes in the range of 1.3–1.5 mmol/g at 25 °C and
15 kPa, because all these carbon materials usually possess favourable
ultra-microporosities.
Surface modiﬁcation by introducing basic nitrogen functionalities
into the carbon lattice is another methodology commonly used to en-
hance the aﬃnity between CO2 and carbon surface via either acid-base
and/or hydrogen bond interactions [21,35]. Therefore, biomass feed-
stocks with high nitrogen contents, such as chitosan [22], poplar an-
thers [23], popcorn [24] and bean dreg [25] have been investigated for
preparing performance-enhanced carbon materials for CO2 adsorption,
with chitosan-derived carbons containing 3.23 wt% nitrogen showing
the highest capacity of 1.60mmol/g at 15 kPa CO2 and 25 °C [22].
However, most of biomass materials do not have high contents of ni-
trogen. Post-treatment of activated carbon materials with ammonia at
high temperatures and the preparation of N-doped carbon materials
from using biomass blended with nitrogen-rich materials, such as
gelatin, urea and melamine [17,34,36] have also been investigated. For
instance, at a CO2 partial pressure of 15 kPa and adsorption tempera-
ture of 25 °C, the CO2 uptake of black locust-derived carbons was in-
creased from 1mmol/g to 1.6 mmol/g after a secondary ammonia ac-
tivation treatment while the CO2/N2 selectivity also increased from 17
to 30 [37].
However, the adsorption performance of bio-carbons was still much
lower than the carbons derived from polymers especially at low CO2
partial pressures with polypyrrole-derived carbons showing the highest
IS CO2/N2 selectivity of 124 [38] and benzimidazole-linked polymers
derived carbon giving the highest adsorption capacity of about
2.10mmol/g at 25 °C and 15 kPa CO2 [39]. Therefore, more eﬀorts are
needed to further improve the performance of biomass derived carbons.
Recently, a strategy of compaction prior to chemical activation, has
been found to be able to eﬀectively imprve the performance of poly-
mers-derived carbon-based adsorbents for CO2 capture [40,41]. It was
found that the introduction of compaction could eﬀectively reduce the
inter-particle voids and increase the contact between the particles of the
activating agents and carbon precursor so to increase the activation
eﬃcacy, giving rise to further developed porosity particularly in the
range of ﬁne micropores (< 0.6 nm) under similar conditions compared
to conventional chemical activation. It has been known that the ﬁne
micropores play a major role in determining the CO2 adsorption ca-
pacity at low partial pressures [40]. In addition, the results also in-
dicated that compaction could also dramatically increase the bulk
density of the activated materials and hence boost the capacity on a
volumetric basis [41], which is more important in practical applications
[42]. Therefore, it is believed that compaction-integrated chemical
activation could potentially serve as a novel methodology to manu-
facture quality carbon materials from low bulk density biomass wastes.
Among many low-density biomass wastes, the hard-to-burn puﬀy
agricultural waste of rice husk, which is produced at a scale of 140
million tonnes per annum [43], could potentially be an excellent can-
didate precursor for preparing high performance carbon materials for
CO2 capture, due to its unique silicon-dominated mineral composition
that can contribute to the development of desirable ultra-microporosity
for enhanced CO2 adsorption at low CO2 partial pressures [44]. In this
research, a compaction combined chemical activation protocol was
investigated as a means to manufacture high performance CO2 ad-
sorbent materials from puﬀy rice husk wastes.
2. Methodologies
2.1. Synthesis of porous carbon
To maximize the carbon yield, dried rice husk samples from China
were ﬁrst pre-oxidized in a horizontal tube furnace under air ﬂow
50ml/min at 200 °C for 6 h. The cooled pre-oxidized sample was then
mixed with KOH via incipient wetness impregnation at pre-set AC/KOH
mass ratio (1:1). For nitrogen doping tests, which was examined as a
further potential measure to improve the CO2 adsorption of the derived
rice husk carbons, branched high polyethylenimine molecular-weight
(MW 75000) polyethylenimine (PEI) was chosen as the nitrogen source
and it was added into the KOH/rice husk mixture (PEI/rice husk mass
ratio= 1:9). The pre-treated samples were ﬁrst dried at 105 °C and then
ground into powder. A pellet machine equipped with a 13-mm diameter
die was employed to press the samples into 1.5mm thick pellets under a
pre-determined press load. The chemical activation was performed in a
horizontal tube furnace by heating up the prepared pellets under dif-
ferent compaction pressures to the desired temperature at a heating rate
of 5 °C/min in a ﬂow of N2 (1 L/min). The sample was kept at this
temperature for 1 h before it was cooled down to room temperature.
The samples were then removed from the furnace and washed with
excessive amount of distilled water till the solution pH became neutral,
to obtain the carbon materials. For convenience, the carbon materials
were labeled in the form of Rx_y_z, where x represents the activation
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temperature, y the compaction pressure and z the weight ratio and
name of the additives added.
2.2. Characterization
Micromeritics ASAP 2420 analyzer was used to measure the N2
isotherms of the prepared samples at −196 °C. Before taking the
measurements, the samples were ﬁrst degassed at 120 °C for 16 h. The
N2 adsorption isotherm at P/P0 of ca. 0.99 was used to calculate the
total pore volume (Vtotal). Pore size distributions (PSD) and narrow
micropore volumes were calculated by using a non-local density func-
tional theory (NLDFT) model by a combinative analysis of N2 and CO2
adsorption isotherms. The sample morphology was obtained from using
a FEI Quanta 600 Scanning Electron Microscope (SEM). A Kratos AXIS
Ultra DLD instrument was used to analyze the surface chemical com-
position of selected carbons.
2.3. CO2 adsorption performance
The CO2 adsorption isotherms of all rice husk carbon samples were
measured both at 273 K and 298 K, using Micromeritics ASAP 2420.
Nitrogen adsorption isotherms at 298 K were also analyzed for selected
samples in order to evaluate the CO2/N2 selectivity of the carbon
samples. Again, for each measurement, the sample was ﬁrst degassed at
120 °C for 16 h. To evaluate the CO2 adsorption performance at a given
adsorption temperature and pressure, a thermal gravimetric analyzer
(TGA, Q500, TA instruments) was used. In a typical analysis, the sample
was ﬁrst dried at 120 °C in a ﬂow of nitrogen (100ml/min) for 30min,
and the sample was then cooled down to 25° to initiate the CO2 ad-
sorption test whilst the gas supply was switched from N2 to a simulated
ﬂue gas (15% CO2 in N2) at a ﬂow rate of 100ml/min. The sample was
held in the selected test conditions till it reached equilibrium adsorp-
tion, which typically took 60min.
3. Results and discussion
3.1. Characterization of the rice husk derived carbons
3.1.1. Textual properties
The nitrogen isotherms of samples prepared under diﬀerent condi-
tions at temperatures between 600 and 700 °C were shown in Fig. 1. It
can be found that the carbons prepared without compaction typically
display sorption isotherms of type I with well-deﬁned plateaus at low
relative pressures, indicating the purely microporous nature of the rice
husk carbons. When compaction was employed, however, mesoporosity
starts to develop as shown by the emerging of the hysteresis loop at
higher relative pressures> 0.4. Diﬀering from the carbons prepared
without compaction, those prepared with compaction all showed H3
type adsorption isotherms, with the mesoporosity dominated by slit-
shaped mesopores which were believed to be formed by the aggregation
of plate-like particles, which occurred clearly as a result of the applied
compaction before activation [45]. Meanwhile, as shown in Fig. 1, the
amount of nitrogen adsorbed at low relative pressures also increased
with increasing compaction load, which means that the microporosity
also increased due to compaction.
Table 1 and Fig. 1 show the detailed textural properties of all carbon
samples. It is evident that the porosity development of the activated rice
husk carbons was governed by a combination of the activation tem-
perature, compaction load as well as the additives. As the activation
temperature increased from 600 to 700 °C and compaction load from 0
to 7.5 tons/cm2, the BET surface area and total pore volume were more
than doubled, increased from 525m2/g and 0.240 cm3/g to 1162m2/g
and 0.685 cm3/g, respectively. It is noteworthy that the use of com-
paction before activation appears to particularly favour the formation
of hierarchical bio-modal pore structures, being in sharp contrast to the
virtually purely microporous structures obtained for the carbons
prepared in non-compaction conditions. It is evident from Fig. 1 that
the bio-modal porous structure of the carbon samples with compaction
was highly characterized by the signiﬁcantly increased presence of bio-
modal ultra-microporous structures with the pore sizes centered at
0.37 nm and 0.53 nm, respectively. It seems that the resultant addi-
tional ultra-microporosity was accompanied with signiﬁcantly in-
creased mesoporosity with relatively wide pore size distribution. It is
believed that for CO2 adsorption, the presence of mesoporosity was
responsible for the fast adsorption kinetics of the ultra-microporous
carbons due to the improved mass transfer performance as discussed
later, although it is diﬃcult to say if the development of the ultra-mi-
croporosity and mesoporosity was linked to each other under the
compacted activation conditions. At an activation temperature of
700 °C, the cold compaction of the rice husk feedstock at a load of 7.5
tons/cm2 was found to give over 4 times increase in mesopore volume
and 30% increase in ultra-microporosity (≤0.44 nm), from 0.065 and
0.104 cm3/g for the carbons without compaction (R7) to 0.282 and
0.139 cm3/g for those with compaction (R7_10T), respectively. While a
similar trend was also observed at 600 °C, the carbons prepared at
600 °C with compaction were interestingly found to have higher me-
sopore volumes than those prepared at higher temperatures under si-
milar conditions (e.g. 0.371 cm3/g for R6_2T vs 0.324 cm3/g for R7_2T).
The above ﬁndings may suggest that the greater or additional meso-
porosity obtained for the carbons prepared with compaction might not
originate mainly from the pore widening of micro or ultra-micropores
but more probably from the extensive void within the dense aggregates
created by the compaction. In addition to compaction, the use of ad-
ditive was also found to aﬀect the porous structure of rice husk carbons,
but it appears to occur only at high activation temperatures. At 600 °C,
for instance, the rice husk carbon prepared with 10wt% PEI doping
(R6_2T_10PEI) showed an almost identical porous structure as the non-
doped sample PEI (R6_2T). However, when the activation temperature
was increased to 700 °C, great impact was observed for the PEI doping,
with the surface area and total pore volume of the carbons drastically
increased to 1190m2/g and 0.777 cm3/g (R7_2T_10PEI), and this was
compared to 710m2/g and 0.645 cm3/g for R6_2T_10PEI and 751m2/g
and 0.640 cm3/g for R6_2T, respectively. More importantly, the
R7_2T_10PEI carbon sample was found among all samples prepared to
have the highest ultra-microporosity (0.175 cm3/g) with a mono-modal
pore size distribution centered at 0.37 nm, which is just slightly higher
than the dynamic diameter of CO2 molecules (0.34 nm), suggesting that
the PEI doping particularly favoured the formation of ultra-micro-
porosity at higher activation temperatures under compacted conditions.
Given that a pore widening eﬀect is often associated with increasing
activation temperatures [44], the above results tend to suggest that the
PEI-doping could have either preserved the ultra-microporosity and/or
caused pore narrowing eﬀect to the larger micropores formed during
the course of co-carbonisation and activation process via secondary
reactions of the PEI with the rice husk precursor and derived volatiles
(e.g. secondary char or carbon deposit formation) [46,47].
The morphology of the prepared carbon samples was analysed by
high resolution scanning electron microscopy (SEM) and the results
were shown in Fig. 2 and S1. It can be seen from Fig. 2(a, b) that the
carbon sample R7 prepared without pre-compaction of the rice husk
feedstock exhibits irregular puﬀy or ﬂaked morphologies with sharp
edges and large cavities. In comparison, the carbons prepared under
compacted conditions present a much more solid and dense texture
with well-developed regular porous structures (R7_2T).
3.1.2. KOH activation and chemical composition of prepared carbons
Preparation of carbon materials by using KOH activation have been
extensively investigated and the main chemical reactions involved in
the activation process are shown in Eqs. (1)–(8) [48,49]. Based on the
activation temperature, the reactions can be divided into two groups:
the reactions between carbon and KOH below 700 °C (1–4) and the
reactions related to K2CO3 at temperatures higher than 700 °C (5–7). In
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addition, during activation process, some potassium-containing surface
species (e.g. alkalides, -O-K) can also formed from the reaction of po-
tassium oxide (K2O) with carbon (shown in Eq. (8)) [48]. In general, the
activation eﬃcacy increases with increasing activation temperature and
the amount of KOH used as a result of enhanced chemical reactions,
leading to increased porosity which is often associated with pore
widening eﬀect. Compared to other biomass feedstock, however, some
additional chemical reactions as shown in Eqs. (9)–(11) can take place
during the KOH activation of rice husk carbons because of its high si-
licon content (Table 2), which may give rise to the development of
additional porosity once the formed potassium silicate is removed in the
post-activation washing process - [44,49–51].
→ +2KOH K O H O2 2 (1)
+ → +C H O CO H2 2 (2)
+ → +CO H O CO H2 2 2 (3)
+ →CO K O K CO2 2 2 3 (4)
→ +K CO K O CO2 3 2 2 (5)
+ →CO C 2CO2 (6)
+ → +C K O 2 K CO2 (7)
+ → − − +C K2 O C O K K (8)
+ →K O SiO K SiO2 2 2 3 (9)
+ →2K O SiO K SiO2 2 4 4 (10)
+ → +K CO SiO K SiO CO2 3 2 2 3 2 (11)
Table 2 shows the ash content of the rice husk samples and the
results of XRF analysis of the residual inorganic species in the derived
rice husk carbons. It can be seen that the silica content sharply de-
creased from 87% in raw rice husk ash to below 15% in carbon ash,
which conﬁrmed the occurrence of the reactions (9)–(11) during KOH
activation. The residual silicon in the carbons may exist in the form of
either as unreacted silica or trapped silicates that cannot be easily re-
moved. Interestingly, although the total ash content decreased from
17.56% in raw materials to 6–13.63% in activated rice husk carbons,
the dominant ash component changed from silicon in the rice husk
feedstock to potassium in the carbons. The amount of potassium, which
was expressed in form of K2O, were found to vary from 61% to 81.71%
in activated rice husk carbons, despite the robust washing procedure
with excessive amount of de-ionised water. It is generally believed that
the residual potassium surviving the excessive wash process is inter-
calated into the carbon matrices during the activation process
Fig. 1. N2 adsorption isotherms and related PSDs of the RH carbons: (a) nitrogen isotherms of carbons activated at 600 °C; (b) PSDs of carbons activated at 600 °C; (c)
nitrogen isotherms of carbons activated at 700 °C; (d) PSDs of carbons activated at 700 °C.
Table 1
Speciﬁc surface areas, pore structures of prepared samples.
Sample SBET
(m2/
g)
Vtotal
(cm3/
g)
Vmicro
(cm3/g)
Vmicro< 0.7nm
(cm3/g)
Vmicro< 0.44nm
(cm3/g)
R6 525 0.240 0.198 0.180 0.130
R6_2T 751 0.640 0.269 0.210 0.154
R6_2T_10PEI 710 0.645 0.242 0.212 0.145
R7 917 0.405 0.340 0.270 0.104
R7_2T 901 0.630 0.306 0.249 0.142
R7_7T 1037 0.645 0.358 0.310 0.142
R7_10T 1162 0.685 0.403 0.332 0.139
R7_2T_10PEI 1190 0.777 0.422 0.175 0.175
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presumably via reaction (8).
3.2. CO2 adsorption performance
Fig. 3 shows the CO2 adsorption isotherms for the rice husk carbons
measured at 0 °C and 25 °C. It can be found that the use of compaction
before the integrated carbonsiation and activation beneﬁts the ad-
sorption capacity of samples. As the compaction load increased from 0
to 1.5 tons/cm2, the CO2 adsorption capacity of the carbons prepared at
600 °C sharply increased from 4.10 and 3.15mmol/g for non-com-
pacted samples (R6) to 4.86 and 3.78mmol/g for compacted samples
(R6_2T) at 100 kPa, 0 and 25 °C, respectively. At the higher activation
temperature of 700 °C, the CO2 uptake capacity of the carbons prepared
under compacted conditions (R7_10T) was further increased by nearly
50% to 6.04mmol/g at 0 °C and by nearly 40% to 4.29mmol/g at 25 °C,
respectively. In addition to compaction, the doping of PEI into the rice
husk feedstock during compaction was also found to give rise to a
signiﬁcant increase in the CO2 capacity of the prepared carbons. It
needs to be highlighted that among all the carbons prepared, the carbon
material prepared from the compacted rice husk/10% PEI blend
(R7_2T_10PEI) was found to have the highest CO2 adsorption capacities
reaching 6.80 at 0 °C and 4.50mmol/g at 25 °C in 100 kPa CO2, which
signiﬁcantly outperforms most of the biomass carbons reported so far
[44]. Relating the CO2 adsorption performance in 100 kPa CO2 and the
surface textural properties of the carbons shows that the drastic in-
crease in CO2 adsorption capacity observed for the carbons prepared
under compacted conditions was found to be in overall good agreement
with the increased microporosity particularly the ultra-microporosity of
the carbons (Table 1).
Similar trend was also observed for CO2 adsorption at low relative
or partial pressures of CO2, although the increase in CO2 capacity ap-
peared to be less signiﬁcant compared to the eﬀect at higher relative
CO2 pressures. For instance, at a carbonization/activation temperature
of 700 °C, the CO2 capacity at 25 °C and 15 kPa was increased from
1.55mmol/g before compaction to 1.84mmol/g after compaction,
which represents an increase by nearly 20% due to compaction, about
half of the increase observed at 100 kPa CO2. Again, the rice husk
carbon prepared under compacted conditions with 10 wt% PEI doping
(R7_2T_10PEI) achieved the highest CO2 capacity of 1.90mmol at 25 °C
and 15 kPa CO2 among all the carbons prepared. It was found that
particularly at low CO2 partial pressures, the CO2 uptake performance
of the rice husk carbons prepared with the compaction-combined car-
bonization/activation protocol was signiﬁcantly higher than those of no
only the carbons prepared from other biomass feedstocks such as
chitosan, coconut shell and bean dreg as shown in Fig. 3e
[15,16,18–20,22–25,36,52,53], but also many other ‘designer’ carbons
Fig. 2. SEM images of selected RH carbons: (a) (b) sample R7; (c) (d) sample R7_2T.
Table 2
The chemical composition of the inorganic nutrients in raw feedstock and the
prepared ACs.
Sample Ash content Main components in Rice husk
SiO2 K2O CaO Fe2O3
R6 6.80% 2.24% 61.02% 17.91% 10.06%
R6_2T 11.90% 10.42% 74.39% 4.70% 5.87%
R6_2T_10PEI 13.63% 6.00% 81.71% 4.84% 4.38%
R7 6.30% 3.18% 53.78% 20.02% 13.37%
R7_2T 8.70% 12.28% 78.62% 4.89% 1.20%
R7_2T_10PEI 13.10% 8.63% 75.29% 7.84% 3.35%
R7_10T 13.55% 15.23% 73.50% 6.10% 0.69%
R7_W 5.40% 17.22% 43.87% 22.46% 7.37%
Rice husk 17.58% 87.03% 2.04% 0.51% 0.42%
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derived from using polymers via sophisticated methodologies, in-
cluding e.g. those from polypyrrole [38], 1,3-bis (cynomethyl imida-
zolium) chloride [21] and p-diaminobenzene [54].
Fig. 4 shows the dynamic CO2 adsorption proﬁles for selected
carbon samples at 25 °C in simulated ﬂue gas (15% CO2 in N2) . It is
evident that in addition to the aforementioned higher adsorption ca-
pacities, the rice husk carbons prepared under compacted conditions
also achieved signiﬁcantly faster adsorption kinetics. It was found that
under the TGA measurement conditions, the times needed to achieve 80
and 90% of equilibrium adsorption capacity were approximately only
25 and 60 s for R7_10T, much shorter than the 45 and 70 s required by
the carbons prepared under non-compacted conditions (R7), respec-
tively. The times were further markedly reduced to just 15 and 50 s,
respectively, when 10wt% PEI was blended into the feedstock in
compaction (R7_2T_10PEI). It seems that the faster adsorption rates of
the carbons prepared with compaction were linked to the compaction-
related enhanced formation of mesoporous structures, which could
improve the accessibility of ultra-microporosity and hence the mass
Fig. 3. Gas adsorption isotherms of the RH carbons: CO2 adsorption isotherms (a, c) at 0 °C; CO2 and N2 adsorption isotherms (b, d) at 25 °C; (e) a comparison of the
CO2 uptake of the RH carbons versus other known biomass derived carbons at 25 °C and 15 kPa.
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transfer performance of the carbons.
It is generally believed that due to stronger capillary forces gener-
ated by the smaller micropores, the narrow micropores particularly
those with diameters smaller than 0.44 nm play a critical role in de-
termining the CO2 adsorption capacity of carbon materials at low CO2
partial pressures and/or high adsorption temperatures [27–29,44]. Si-
milarly, we also observed that the CO2 adsorption capacity of the RH
carbon materials was almost linear with the volume of ultra-micropores
smaller than 0.44 nm (Fig. 5a). Sample R7_2T_10PEI, which has the
highest volume of ultra-micropores pores (≤0.44 nm) amongst all
samples, achieved the highest adsorption capacity of 1.90mmol/g at
15 kPa CO2 and 25 °C. As can be seen Table 1, compaction and the use
of PEI additives could eﬀectively increase the formation of ultra-mi-
croporous structures, with the ultra-micropore volume increased from
0.095 to 0.140 cm3/g when a compaction at 7.5 tons/cm2 was used and
further increased to 0.175 cm3/g when 10wt% of PEI additive was also
used together with compaction at 1.5 tons/cm2. However, it seems that
the ultra-micropores alone clearly could not rationalize the high CO2
uptake of the RH carbons. For instance, as shown in Fig. 5b, the R7_W
carbon, which was obtained from the further washing of sample R7 for
48 hrs, presented almost the same ultra-micropore structures to R7, but
it was found to have a CO2 capacity of only 1.35mmol/g at 15 kPa CO2
and 25 °C, which was lower than those of both R7 and R6, the latter
with a much lower volume of ultra-micropores (0.44 nm) than both R7
and R7_W. This indicates that the surface chemistry of the RH carbons
also plays an important role that cannot be ignored. A comparison
between R7 and R7_W showed that the additional CO2 capacity, which
could not be accounted for by the ultra-micropores, were presumably
associated with the intercalated potassium compounds within the
carbon networks. It can be found from Table 2 that the enhanced
washing of the carbon sample R7 for further 48 h led to a decrease in its
ash content from 6.3 to 5.4 wt% while the relative abundance of po-
tassium (expressed in the form of its oxides) present in the ash sharply
decreased from 53.78 to 43.87 wt%, respectively. Previous investiga-
tions have shown that KOH activation can lead to the formation of
intercalated potassium species deep into the matrices of the activated
carbon materials, which could greatly beneﬁt their performance for
CO2 adsorption particularly at low CO2 partial pressures [33,44,55].
The role of potassium on carbon surface behave like extra-framework
cations commonly found in MOFs and zeolites, which can form strong
local electric ﬁelds that can polarize adsorbate molecules and enhance
the interaction of the adsorbate with the adsorption surface [56,57].
The existence of potassium containing groups in the prepared RH car-
bons was conﬁrmed by the XPS characterisations for R7_2T_10PEI (Fig.
S2). During the intensive washing process, some of the intercalated
potassium species were dissociated from the carbon matrices, leading to
decreased CO2 adsorption capacity for the R7_W carbon sample. In
addition to potassium intercalation, we also tried to dope nitrogen
functionalities into the carbon matrix by adding 10wt% PEI into the
nitrogen-free rice husk before the integrated carbonisation-activation.
The XPS characterisation in Fig. S2 shows that about 2 at% of nitrogen
was successfully incorporated into the matrix of R6_2T_10PEI. How-
ever, a comparison between the CO2 adsorptive properties of the RH
carbons before and after the PEI doping shows that the contribution of
nitrogen doping to CO2 adsorption was negligible in general, as shown
in Table 1.
3.3. Selectivity and heat of CO2 adsorption
In order to reveal the surface aﬃnity of the prepared RH carbons to
CO2 molecule, the isosteric heat of adsorption (Qst) was calculated for
the carbon materials, using the Clausius–Clapeyron Equation.
Considering the heterogeneity of the surface caused by potassium in-
tercalation, the dual-site Langmuir (DSL) model was chosen to ﬁt the
CO2 adsorption isotherms of the carbons at 0 and 25 °C. By applying the
Clausius-Clapeyron Equation to the DSL model, the pure gas isosteric
Fig. 4. CO2 adsorption curves of selected RH carbons (ﬂue gas: 15%
CO2+85% N2 and adsorption temperature: 25 °C).
Fig. 5. CO2 adsorption performance of RH carbons: (a) relationship between CO2 uptake at 15 kPa and 25 °C and ultra-micropore volume of RH carbons; (b) pore size
distribution and CO2 and N2 isotherms of sample R7 and R7_W.
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heat can be calculated. It has been demonstrated that this method ap-
plies well to adsorptions at all temperatures and pressures and the
diﬀerence between the estimated heat of adsorption and isosteric heat
was negligible [33,58]. The plots of Qst as a function of CO2 adsorption
capacity were shown in Fig. 6 for selected RH carbon materials while
Table S1 show all the ﬁtting results. The Qst value at a CO2 uptake level
of 0.01mmol/g (low gas loading) was used to indicate the strength of
interaction between CO2 and the surface of carbon materials [54]. At a
given activation temperature of 700 °C, it can be seen that the heat of
adsorption (Qst) sharply increased from 27.5 kJ/mol for the carbons
prepared without compaction to 33–47 kJ/mol for the carbons pre-
pared under compacted conditions, which is attributable to the in-
creased ultra-micropore volume and enhanced modiﬁcation of the
surface chemistry of the carbon materials due to potassium intercala-
tion as a result of compaction. Amongst all carbon samples, R7_2T
achieved the highest initial Qst of 47 kJ/mol, which was much higher
than those of most carbon materials reported so far for CO2 capture
with similar or even higher ultra-micropore volumes, such as carbo-
nized aromatic frameworks (27.8 kJ/g) [60] and nitrogen-enriched
polymer derived carbons (35.8 kJ/mol) [29]. This indicates the strong
surface aﬃnity of the RH carbons to CO2 molecules. As shown in Fig. 6,
the isosteric heat of adsorption deceases as expected with increasing
adsorption capacity of CO2 because the CO2 is adsorbed increasingly
onto weaker adsorption sites with the saturation of stronger adsorption
sites. However, it is interesting to note that the decrease of the isosteric
heat with increasing adsorption capacity varies considerably for dif-
ferent RH carbons prepared under diﬀerent conditions, with the R6_2T,
R6_2T_10PEI and R7_2T carbons showing the sharpest decreases whilst
the R6 and R7_2T_10PEI carbon samples exhibiting the smallest. The
decrease in isosteric heat of adsorption with adsorption capacity is
often used to indicate the surface energetic heterogeneity of a porous
material. It seems that by and large, the RH carbons with a combination
of higher contents of intercalated potassium and narrow micropore
volumes often exhibited sharper decrease proﬁles and hence greater
magnitude of surface energetic heterogeneities, which appears to be
responsible for their generally higher CO2 adsorption capacities.
In addition to fast CO2 adsorption kinetics and high adsorption ca-
pacity, a suitable adsorbent material for CO2 capture must also possess
high CO2/N2 selectivity. Two main methods are widely used to assess
the selectivity of CO2 adsorption, including the ideal adsorbed solution
theory (IAST) and initial slope (IS) method. Due to the diﬀerent models
and associated assumptions employed for the calculation, there often
exist some diﬀerences between the selectivities obtained with the IAST
and IS method [38]. Compared to the IAST methodology, the IS method
can reveal the adsorbate-adsorbent interactions at low levels of gas
coverage [59]. In this investigation, the IS method was used to evaluate
the CO2/N2 selectivity, which is deﬁned as the ratio of the initial slope
of CO2 adsorption isotherm over that of N2 adsorption isotherm of a
given RH carbon sample. The results were shown in Table 3 and Fig. S3.
It can be found that at a given activation temperature of 700 °C, the IS
selectivity sharply increased from 63 for the carbons prepared without
compaction to 183 for those prepared with compaction. The carbons
prepared with compaction at a load of 1.5 tons/cm2 showed the best
performance, with the IS selectivity reaching 212 for R6_2T and 183 for
R7_2T, respectively. Although sample R7 and R7_W both had almost the
same porous structures, the selectivity of R7, which was obtained at 63,
was found to be much higher than that of the further washed R7 carbon
(R7_W), which was reduced to 49. It appears that the RH carbons ex-
hibiting higher surface energetic heterogeneity generally gave rise to
higher CO2/N2 selectivities in addition to their higher CO2 capacities. A
comparison with previous investigations on carbon materials for CO2
capture show that the IS CO2/N2 selectivity of the RH carbons was
signiﬁcantly higher than those of virtually all the carbon materials ever
reported (Fig. 7) [19,29,35–38,61–64]. For instance, the high se-
lectivity reported by Lee et al [61] for a specially designed mesoporous
carbon materials could reach only 100 at an adsorption temperature of
25 °C while the CO2 uptake was only 0.8mmol/g at 100 kPa CO2
whereas hierarchical N-doped carbons can only exhibits a highest se-
lectivity of 124 with a CO2 uptake of just 1.70mmol/g [38], which are
all signiﬁcantly lower than those of the RH carbons prepared under the
compacted conditions.
4. Conclusions
An integrated carbonisation-chemical activation with prior com-
paction has been developed to prepare novel hierarchical ultra-micro/
mesoporous bio-carbons from using the vastly available renewable
agricultural waste of rice husk, with their porous structures and surface
chemistries being modulable by modifying the experimental para-
meters, such as the activation temperature, compaction load and/or the
use of additives. The resulting bio-carbons are found to be particularly
characterised by their high volumes of ultra-micropores with extremely
narrow pore size distributions. Applying the RH carbons to CO2 capture
Fig. 6. Isosteric heat of CO2 adsorption as a function of the amount of CO2 adsorbed: carbon samples prepared at 600 °C (a) and 700 °C (b).
Table 3
IS CO2/N2 selectivity and adsorption capacity of selected samples.
Sample CO2 uptake at 25 °C, 15 kPa CO2 (mmol/g) IS CO2/N2 selectivity
R6_2T 1.84 212
R7_W 1.35 49
R7 1.55 63
R7_2T 1.68 183
R7_10T 1.80 132
R7_2T_10PEI 1.90 115
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demonstrates that the RH bio-carbons showed remarkable CO2 capture
performance especially at low CO2 partial pressures, with the materials
prepared under optimised conditions exhibiting CO2 adsorption capa-
cities of up to 1.8–1.9mmol/g at a CO2 partial pressure of 15 kPa CO2
and a adsorption temperature of 25 °C with a record high CO2/N2 se-
lectivity of up to 212. It is believed that the extraordinary performance
of the bio-carbons for CO2 adsorption was due to a unique combination
of their high ultra-micropore volumes, narrow pore size distributions
and the modiﬁed surface chemistries by the enhanced potassium in-
tercalation as a result of the applied compaction. It was also found that
the presence of some levels of mesoporosity in the RH carbons also
greatly increased the CO2 adsorption kinetics, thus making the RH
carbons a category of hierarchical meso-ultra-microporous materials
with great promise for highly selective CO2 capture at low CO2 partial
pressures.
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